UV-Induced Changes in the Immune Response to Microbial Infections in Human Subjects and Animal Models
Mary Norval 1, Johan Garssen 2, Henk Van Loveren 2, and Ali A. EI-Ghorr 1 Exposure to UV is a recognised risk factor for skin cancer and it also induces immunosuppression to a variety of antigens encountered following the irradiation. The latter property has been demonstrated in rodent models of infections with the microbial agents including viruses, bacteria, protozoa and helminths. In the majority of cases the severity of the symptoms and the microbial load in the host are increased as a result of the immunomodulation. UV can also affect the pathogenesis of some natural microbial infections of human subjects, such as causing recrudescence of herpes simplex virus and contributing to the oncogenic potential of papiIlomaviruses.
Sufficient data have been generated from the animal models to construct a risk assessment in humans for suppression of microbial immune responses induced by sunlight exposure.
This estimation requires verification from epidemiological studies and from further work to assay modulation in human immunity to particular pathogens experienced before and after the UV radiation.
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The consequences of UV radiation for the induction of skin cancer are well recognised, but effects on the pathogenesis of infectious diseases are less well documented. As UV exposure results in not only genotoxic changes but also suppression of cell-mediated immune responses, it is possible that the balance between the host and the invading microorganism could be altered leading to more severe symptoms, reactivation from latency, or increased susceptibility to re-infection. The inimunomodulation was first recognised two decades ago in a study of the induction of skin tumours in mice by chronic UV-B (280-315 nm) exposure when a decrease in immune surveillance against the tumour cells was observed 1). Since then UV, particularly UV-B, irradiation has been demonstrated to downregulate systemic as well as local immunity to a variety of antigens. The reason for this may be to prevent excessive inflammation in sun-exposed skin but, if it occurs at the same time as infection or oncogenesis, then it may be disadvantageous to the host. The main components of the skin immune system have been defined as the keratinocytes which can produce an array of immunoregulatory cytokines, the Langerhans cells as the major antigen presenting cells of the epidermis, the macrophages and dendritic cells as antigen presenting cell in the dermis, a special set of T cells with homing receptors for the skin, and endothelial cells expressing adhesion molecules thus enabling activated lymphocytes to move from the blood into the skin. The system is integrated in the draining lymph nodes to which the Langerhans cells migrate following contact with antigens in the skin. In response, antigen-specific T cells then proliferate and differentiate, and they move preferentially to the skin where they extravasate into areas of inflammation and are further stimulated by the cytokines produced locally by the keratinocytes.
As a result of UV radiation, a multistep process is induced ending with the down-regulation in immunity [reviewed in 2]. The first event must involve a chromophore or chromophores which absorb photons and then trigger the cascade. Even this initiating step is complex and there is evidence from various in vitro and in vivo sytems to implicate DNA damage 3), cis-urocanic acid (cis-UCA)4), cytoplasmic transcription factors 5) and membrane changes leading to clustering of cell surface receptors n. Mediators are generated locally and systemically, and multiple phenotypic and functional cellular changes occur. The number of epidermal Langerhans cells is reduced and their function as antigen presenting cells is depressed 6). Dendritic cells soon accumulate in the draining lymph nodes 7), followed by a migration of dendritic cells and macrophages to the irradiated cutaneous site 8). The expression of adhesion and co-stimulatory molecules is changed, and there is frequently promotion of anti-inflammatory molecules with reduction in proinflammatory molecules [reviewed in 9]. Apoptosis is apparent. The inhibition of T cell responses to antigens encountered in the period immediately following the irradiation occurs with the generation of antigen-specific T suppressor cells 10). There is evidence for the promotion of T helper (Th) 2 associated cytokine production, such as interleukin-4 (IL-4) and IL-10, with a reduction in Thl associated cytokine production, such as interferon (IM-r and IL-2 [reviewed in 11 ]. However this dichotomy in cytokine production is not always clearcut, and the shift is likely to be controlled by several inter-related factors, prostaglandin E2 being one possibility.
Lifestyles have been modified somewhat in the past few years to reflect the fashion for tanning either by natural sunlight or by artificial lamps, frequent holidays in the sun, increased leisure time and the wearing of minimal clothing as soon as the sun shines. In addition there has been concern that the ozone layer in the stratosphere is being significantly depleted due to the emission of halogen-containing compounds. This leads to a concomitant increase in UV-B, thus augmenting the amount of biologically relevant radiation in sunlight reaching the surface of the Earth. Although environmental UV radiation is highly variable and difficult to measure adequately, systematic ozone depletion has been documented over many parts of the world: for example, increases in surface erythemal UV radiation relative to the values in the 1970s are estimated as 7% and 4% at Northern Hemisphere mid-latitude in winter/spring and summer/autumn respectively, and 130% and 22% in the Antactica and Arctic respectively in spring 12). It is predicted that a maximum in ozone-depleting substances in the stratosphere will be reached around the time of the new millenium, then a slow recovery to pre-ozone depleted levels will occur over the next 50 years, although this could be compromised by non-compliance with the Montreal Protocol, increasing concentration of greenhouse gases, future volcanic eruptions and changing patterns of environmental pollution 12).
Thus there is every possibility of longterm increased environmental UV exposure for a large proportion of human subjects globally. The consequences for the pathogenesis of infectious diseases require to be addressed. Using animal models, the minimal doses of UV required to modulate various aspects of immunity have been established. For down-regulation of delayed type hypersensitivity (DTH) which is an important response against virally-infected cells and certain microorganisms, as little as 100 J/m2 UV-B is required in mice infected with herpes simplex virus (HSV) 13). For damage to Langerhans cells, 150-300 J/m2 UV-B is needed as a minimum 14) , and to reach the photostationary state of isomerisation from trans to cis-UCA, about 1000 J/m2 13). One minimum erythemal dose (MED) for a person with skin type I who is fairskined, always burns and never tans, is about 200 J/m2. Integrated solar UV radiation (erythemally weighted) in units of MED have been measured in various parts of the world including the UK. At approximately 500N (south of England) the annual integrated solar UV radiation effective value is 1760 MEDs with about 400 MEDs per month in the summer 15) Thus exposure to approximately 13 MEDs per day (2600 J/m2) is possible in these months. On clear days around midday between latitudes 25°N and 25°S, it is estimated that about 1-4 J/m2 reaches ground level in one second 16). Furthermore, the biologically effective irradiance of sunlight for inducing immunosuppression has been calculated, using information regarding solar exposure at different latitudes and an in vivo action spectrum in mice for the systemic suppression of contact hypersensitivity (CH)17). It was shown, for example, that 50% suppression would result if the animals were exposed for about 25 minutes to midday summer sunlight within the latitude 200 to 400 N or S 17). Therefore sunlight irradiation is biologically relevant to the effectiveness of the immune response and is likely to affect resistance to infectious agents in human subjects living in different parts of the world.
The following review summarises published information regarding UV-induced immunomodulation in, firstly, various animal models of infection and, secondly, in human populations. A risk assessment for this change is then estimated by extrapolating the animal data to humans. The final part includes speculation regarding the effects of UV on persistent microbial infections, whether adaptation to exposure occurs, if the timing of the infection with respect to the UV irradiation is critical to the type of immune response generated, the repercussions for vaccination strategies, and suggested areas for future research.
UV AND ANIMAL MODELS OF INFECTION
In all instances, in recent years, mice or rats have been used which are frequently shaved prior to the irradiation and infection. The protocols have varied from one experimental model to another regarding UV dose and lamp, the type of microorganism, the route of inoculation and whether the infection occurs at a UV-exposed or non-exposed site, the timing of the infection with respect to UV exposure, and what parameter is being measured as an endpoint. The last has ranged from clinical symptoms, resistance to re-infection and counting the organisms in the irradiated animals to measurement of antigen-specific immune responses, most commonly DTH and in vitro lymphoproliferation.
Therefore it is difficult to reach general conclusions but, in almost all cases, irradiation resulted in a suppression of resistance to the organism in question. 
UV AND NATURAL HUMAN INFECTIONS
For ethical reasons, it is obviously impossible to perform equivalent studies in human subjects as have been done in animals models, regarding possible effects of UV on infectious diseases. In addition epidemiological investigations which correlate incidence and severity of disease with personal sun exposure, season or latitude have not been undertaken as yet. However some limited information is available currently on human infections, including viral, bacterial and fungal examples, following natural exposure to sunlight or to an artificial UV source. Each microbial group will be considered in turn below. In most instances, changes in antigen-specific memory T cell responses have been tested, with clinical symptoms being examined in a few instances only. The interaction of UV and human infections has a long history as almost a hundred years ago Finsen demonstrated that *light" could be used successfully in the healing of skin tuberculosis (lupus vulgaris), although it had the opposite effect on smallpox lesions and on lung tuberculosis X.
There are three viruses of particular interest from the viewpoint of UV irradiation, namely HSV, human papillomavirus (HPV) and human immunodeficiency virus (HIV).
HSV type 1 typically causes vesicular *cold sores" in the orofacial region of the body and type 2 in the genital region. Following the primary infection, latency is established in the ganglia for life, and the virus can reactivate at intervals, appear in the skin again and replicate to form recrudescent lesions at the same site as the initial lesions. Sudden exposure to UV on this site is one common triggering factor for recrudescence: in one study in Edinburgh about 30% of people who suffered from recrudescent orofacial HSV infections recognised sunlight as a stimulus. This has also been shown experimentally now in three studies of HSV type 1 39-41) and one of HSV type 2 42) where subjects were exposed to burning doses of UV locally, and recurrence of their HSV occurred. It is not known exactly what happens here as the virus has to reactivate first in the ganglia, perhaps due to the transactivation of regulatory UV-responsive elements, and then replicates in the periphery. The second event may be controlled primarily by the host immune response, and there is evidence that the UV exposure may suppress this sufficiently to allow the cytopathic effects of the virus to become apparent. While there may be local immunosuppression, most probably due to altered antigen presentation in the skin 43), UV-induced down-regulation of systemic HSV T cell immunity is more controversial. Using in vitro lymphoproliferation in response to HSV as a measure of T cell activity, UV exposure as experienced by subjects undergoing UV-B phototherapy for psoriasis did not cause any alteration 43,44). In addition HSV-specific cytotoxic T cell activity was not changed during the phototherapy 45). In contrast, another study reported a reduction in lymphoproliferative activity to HSV following a single whole-body exposure to one MED 46).
There are over 100 HPV types, some associated with the development of squamous cell carcinomas in immunosuppressed individuals, of whom the renal allograft recipients have been most studied 47), and in subjects with the rare genetic disease epidermodysplasia verruciformis who have an underlying defect in cell-mediated immunity 48). In both groups, the tumours develop almost totally on areas of the body exposed naturally to sunlight, especially the face and the backs of the hand. The prevalence is highest in sunny climates. The exact roles of UV and HPV have not been defined and are likely to be complex. It is known that HPV infections are frequently protracted, with some evidence for local immunomodulation in the lesion itself 49). Exposure to the sun could induce damage to DNA in the epidermis with perpetuation and amplification of this change due to the abnormal proliferation of HPV-infected cells. Furthermore immune responses in the local site could be down-regulated by the UV which may be of significance even in subjects who are already considerably suppressed by taking drugs or genetically. In practical terms, immunosuppressed individuals should be advised to avoid sun exposure.
The situation regarding the third virus, HIV, is also unclear at the present time. The skin is involved as a major organ in HIV infections 50). Indeed more that 90% of patients develop disorders of the skin or mucous membranes which can occur at any stage of the disease, not only during the terminal deficiency. There are at least three reasons for considering that UV could potentially influence the progression of the disease. In the first place, exposure to UV has been shown to activate HIV in several transgenic mouse models and in vitro by damage to DNA and alteration in cellular transcription factors 51) Secondly, there is a prolonged interval of several years after viral infection and before the development of acquired immunodeficiency syndrome, and transcriptional activation of the structural genes of the virus is thought to be important in controlling this process. Thirdly, as the disease progresses, there may be a shift from a Thl to a Th2 profile of cytokine production 52), a change which is thought to be enhanced by UV. However, thus far, there is no evidence to substantiate a role for solar UV exposure in the exacerbation of HIV infections and, indeed, in one recent study, a protective effect was noted 53).
Regarding bacteria, T cells mediating DTH and cytotoxicity, together with macrophage activation, represent the major protective immune responses against intracellular bacteria. Two studies have monitored UV-induced modulation in local memory responses to such organisms, namely M. leprae and M. tuberculosis. In the first, Cestari et al.54) irradiated healthy contacts of leprosy patients who were lepromin-positive and tested their antigen-specific responses by injecting lepromin (a heatkilled suspension of M. leprae) into the irradiated site. The size of the lepromin-induced granuloma, characterised by tissue necrosis and fibrosis, was reduced in the irradiated site, together with a lower number of infiltrating CD4-positive cells.
It is interesting to note in this context that an increased incidence of leprosy lesions has been reported to occur in areas of the body exposed to sunlight 55). In the second, Damian et al. 56) irradiated subjects who had previously been vaccinated with Bacillus Calmette-Guerin (BCG) and were Mantoux-positive. Their mycobacterial DTH responses were then tested in exposed and unexposed sites. It was found that suppression of DTH occurred in the irradiated site, but not in the distant unirradiated site. Interestingly a suberythemal UV dose (each day for 5 days) was sufficient to induce this effect. However when tested after chronic UV exposure (daily for 4-5 weeks), the suppression was not significant, indicating, perhaps, that adaptive mechanisms may be generated to counteract the UV effects (see final section below). Few investigations have focussed on UV and fungal infections. O'Dell et al 57) tested the DTH response to C. albicans by intradermal injection into sun-damaged skin in the neck of volunteers. The response was suppressed compared with that elicited in normal back skin in the same individual. C. albicans was also included as one of several antigens in a study to test whether chronic solar-simulated irradiation suppressed DTH, either locally or systemically 58). The other antigens were tetanus toxin, diphtheria toxin, Streptococcus antigen , tuberculin, Trichophyton and Proteus antigen, prepared as a standard Multitest kit. It was reported that, following 10 incremental UV doses, the overall DTH score on challenge was reduced by 60-70%, both at the exposed and an unexposed site, compared with the response in the same individual before irradiation.
Therefore, although the human studies are sparse and rely mainly on DTH as an indicator of immunity, yet they do indicate a general microbial-specific down-regulation following UV exposure. As DTH is a memory response, this implies that UV is capable of modifying an already established immune mechanism. The outcome of the change in terms of resistance to re-infection or reactivation of persistent human pathogens is unknown at present. The account above demonstrates that the present knowledge concerning UV and the resistance to infectious diseases is undoubtedly patchy, especially with regard to human infections. However it cannot be disputed that exposure has the potential to suppress at least some microbial immune responses and that this risk will increase as ozone depletion occurs. Whether the immunomodulation alters the course of the disease is the most critical question. Immune responses are complex and inter-dependent so that, if one is down-regulated, another may compensate. Certainly with regard to HSV infection, sunlight can act as the stimulus for recrudescence. It would be interesting to examine the situation with some of the other human herpesviruses which also cause persistent infections, such as Epstein Barr virus and cytomegalovirus. In addition an effective immune response is particularly important in the control of oncogenesis and, as at least 15% of human tumours are now known to have a viral involvement, it will be very important to examine the potential effects of UV in these situations.
Questions arise regarding vaccination policies and whether it might be inadvisable to immunise an individual who showed evidence of recent, exceptional sun exposure. In this case the T cell response generated may not be protective and, if the data from animal models hold true for humans, the suppressed state is long-lasting, once established 67). A study using hepatitis B virus subunit vaccine in recently irradiated and unirradiated persons is underway currently in the Netherlands at the National Institute of Public Health and the Environment in Bilthoven , in collaboration with the University of Utrecht, which is designed to address these issues.
In most of the animal models to date, the UV exposure precedes the microbial infection. Therefore the modulation assessed is in the primary immune response. In the natural situation, this sequence of events may be rather infrequent and it may be more relevant to study models where the immune response has already been generated before the UV. In this case, the detailed mechanism by which UV may act is unknown and requires urgent investigation. Certainly in the few studies in which memory responses have been examined in human subjects, there was UV-induced suppression of DTH at least 54,56,58), but no information regarding susceptibility to reinfection is available as yet.
A further uncertainty concerns possible adaptation to the immunosuppressive effects of UV. In many experimental protocols to date, a single dose or perhaps up to five UV doses given daily are used before inoculation of the infectious agent. Under natural circumstances where we are exposed to sunlight on a more or less daily basis, would there still be the same chance of generating suppressed immunity? Two studies involving infections conclude that adaptive mechanisms may, indeed, provide protection. Damian et al. 56) reported that the Mantoux reaction in human subjects failed to be suppressed after prolonged UV exposure (4-5 weeks). Jeevan et al. 29) found that suppressed DTH responses to M. leprae were not maintained in mice that were chronically irradiated (longer than 3 months).
A further gap in our knowledge concerns the whole area of epidemiology and clinical disease. Figures are required to indicate whether, for example, infectious diseases are more common and/or more severe in people who have enjoyed recent sunshine holidays. Latitude studies with regard to the incidence of infections would also be appropriate. Ozone depletion requires consideration in this context. Rather than relying on memory, it is desirable to use personal dosimeters to evalute UV exposure accurately in any future surveys.
The final area which merits attention is that of genetic susceptibility and resistance to the immunosuppressive effects of UV radiation. There is evidence that some degree of genetic control exists in both mice and human subjects. In mice, strains can be separated on the basis of susceptibility/resistance to UV-induced suppression of CH, and these genes are not the same for local and systemic responses 65, 68) . Similarly people can be divided into the two groups on the basis of local suppression of CH 8, 69) which is largely independent of skin pigmentation 70). However other do not find such a distinction 66,71) and differences in lamps, doses and sensitisers may be important. It would be interesting to investigate DTH to microbial antigens rather than CH in both humans and mice as this immune response is more relevant to the control of infection. The added complication of such studies is that there is frequently genetic susceptibility of the host to particular infecting microorganisms which would have to be considered separately from the UV genetics.
